Three enzymes catalysing the synthesis of four intermediates (phosphori bosylglycinamide, phosphoribosylaminoimidazole-succinocarboxamide, phosphoribosylaminoimidazole-carboxamide and AMP) in the purine biosynthetic pathway were detected in extracts of Mycobacterium microti and M . avium, even when the organisms had been grown in mice. However only one of the three enzymes, adenylosuccinate AMP-lyase (catalysing the synthesis of the last two of the four intermediates listed above) was detected in M . leprae. Phosphoribosyltransferases, which convert adenine, guanine and hypoxanthine to the corresponding nucleoside monophosphates, and adenosine kinase were the major enzymes for purine scavenging in all mycobacteria studied. In contrast to enzymes in the synthetic pathway, evidence for metabolic regulation of the purinescavenging enzymes was obtained. In particular, 20-80-fold differences in the activities of guanine phosphoribosyltransferase and adenosine kinase were observed when M . microti was grown in media with or without purines, or in mice. In M . leprae, activities of all phosphoribosyltransferases were low in comparison with activities in M . microti and M . avium (specific acitivity < 2% when comparisons were made between extracts of host-grown mycobacteria). However, activity of adenosine kinase was higher in host-grown M . leprae than in host-grown M . microti or M . avium.
NaN02, 100 y1 1 7; (w/v) ammonium sulphamate and 200 ~1 0 . 1 % N-l-naphthylethylenediamine. HCl were added at 30 s intervals with mixing between each addition. Mixtures were clarified by centrifugation and the A,,, determined. Activity in extracts was calculated on the basis that 69 nmol phosphoribosylglycinamide gives an As4, of 1 in this procedure (Nierlich, 1978) . No colour development occurred in controls.
(2) Phosphoribosylaminoimidazofe-succinocurboxumide synthuse. This enzyme (EC 6.3.2.6) was determined by a modification of the method of Buchanan et uf. (1978) using 5-aminoimidazole-4-carboxamide-l-~-~-ribofuranosyl 5'-monophosphate (i.e. phosphoribosylaminoimidazole-carboxamide; abbreviated to AICAR below) obtained from Sigma. The substrate for the enzyme, phosphoribosylaminoimidazole-succinocarboxamide, was generated by incubating 1.3 mM-AICAR with 27 mM-fumarate and 0.25 U adenylosuccinate Iyase (from yeast; Sigma) ml-l at pH 7-2 buffered with 0.2 M-Tris/HCl at 37 "C for 15 min. This mixture was added at the rate of 66 pl to each assay mixture (final volume 660p1) for the synthase so that the final, calculated concentration of phosphoribosylaminoimidazole-succinocarboxamide was 0.1 2 mM (Carter & Cohen, 1956; Woodward & Braymer, 1966) . Other constituents of the assay mixture were 27 mM-fumarate, 90 mM-sodium arsenate, 10 mM-ADP and 11 mM-MgC1, at pH 743 buffered with 0.1 M-Tris/HCl. Cell-free extracts of mycobacteria containing approximately 1 mg protein or (in controls) 1 mg bovine serum albumin were added and incubations were done at 34 "C. Samples (300 p1 each) were taken at 20 rnin and 50 min, added to 46 ~1 3 0 % (w/v) trichloroacetic acid and centrifuged for 5 rnin at 6OOOg. Then two samples of supernate (140 p1 each) were taken and 17.5 p1 1 M-H,SO, was added to each and one of each pair was heated at 100 "C for 15 min. Both supernate samples were then adjusted to 25 "C and -at 25 "C -20 p10-1% NaNO,, 20 pl 0.5% ammonium sulphamate and 20 yl 0.1 % N-lnaphthylenediamine.HC1 were added at 5 rnin with mixing between each addition. After a further 30 min at 25 "C, 350 p1 distilled water was added to each mixture and the of diazotized products was determined. The product of the synthase reaction in this assay -5-aminoimidazole-4-carboxylic acid-l-P-D-ribofuranosyl 5'-phosphate (carboxy-AIR) -a decarboxylated product (AIR) which may be produced from carboxy-AIR in crude extracts, and AICAR (but not phosphoribosylaminoimidazole-succinocarboxamide) all form diazotized products in the above diazotization procedure. However, since carboxy-AIR and AIR are destroyed by heating, the amount of carboxy-AIR formed during incubations was deduced by subtracting the value of the sample of heated supernate from the A,,, value of the unheated sample of supernate sample, and converting to nmol using the extinction coefficient for the diazotized product d{,!& = 26.4. = 10-7) in a spectrophotometer cell including cell-free extract, 50 pM-adenylosuccinate and 50 mMTris/HCl, pH 8.0, at 25 "C against a reference cell without adenylosuccinate (Woodward, 1978) . No AA,,, occurred in a cell including adenylosuccinate and buffer only.
Enzymes fbr purine scavenging. Purine phosphoribosyltransferases (EC 2.4,2.7 and EC 2.4.2.8), purine nucleoside phosphorylase (EC 2.4.2.1) and purine nucleoside kinases (EC 2.7.1 .20 and EC 2.7.1 .73) were assayed using the following 14C-labelled substrates (all from Amersham). Purine bases : [8-14C]hypoxanthine (52 Ci mol-I), [8-14C] (1 Ci = 37 GBq). All were used in the assays undiluted with unlabelled substrates, at 60 p~ for phosphoribosyltransferases and 80 p~ for the other enzymes. Reaction volumes were 25 p1; 5 pl samples were taken at intervals from 5 to 60 min applied to a Chromogram cellulose TLC plate (Kodak-Eastman). Labelled substrates and products were separated by TLC, identified under UV light (254 nm), cut out and their radioactivity was determined.
Further details (e.g. of buffers, cofactors) are given in a previous paper (Khanolkar & Wheeler, 1983) .
Enzyme units. International units are used throughout. Thus, in the Tables, 1 pU catalyses the conversion of 1 pmol substrate min-'.
Zon-exchange fast protein liquid chromatography (FPLC).
Extracts, clarified by centrifugation at 100000 g for 1 h, of M . leprae (4 mg protein) and armadillo liver (9 mg protein) were applied to a LKB Glas-PAC TSK DEAE-5PW
(8 x 75 mm) column which had been equilibrated with 10 mM-Tris/HCl + 0.1 mM-MgC1, (pH 7.8). The same buffer was used for elution and a linear gradient of M . 4 M-KCl (Hochstadt, 1978) was applied.
R E S U L T S AND DISCUSSION
Enzymes of purine biosynthesis Most enzymes in the pathway for purine biosynthesis are difficult to detect individually. Problems include lability of substrates, relative insensitivity of assays and unsuitability of using crude extracts as the source of enzyme in many of the assays. However, it was possible to assay three enzymes involved in four steps in the pathway (Table 1) .
Phosphori bosylglycinamide synthase was detected in extracts of all mycobacteria except M . leprae. Activity was lower in M . microti and M . avium grown in Dubos medium plus a purine than in the same organisms growing in Dubos medium alone, or in mice (Table 1) . This may reflect weak repression of the enzyme; any enzyme inhibitors which might be present in the extract would probably be removed when extracts were desalted. However, these very small differences in activity might reflect differences in the metabolic state of bacteria or differences in their growth rates.
Adenylosuccinate AMP-lyase was detected in all extracts although only at low activity in extracts of M . avium. The effect on the activity of this enzyme of growth in medium with an added purine was similar to the effect on the activity of phosphoribosylglycinamide synthase (Table 1) .
Phosphoribosylaminoimidazole-succinocarboxamide synthase proved difficult to detect. The lowest specific activity which could be detected in these experiments was 1OOpU (mg protein)-'. Activity was found only in extracts of M . avium grown in Modified Dubos Medium and in extracts of M . microti grown in mice and in Modified Dubos Medium, at 400, 320 and 160 pU (mg protein)-* respectively.
Even in this limited survey, it was clearly possible to detect enzymes of purine biosynthesis in extracts of host-grown M . avium and M . microti at activities similar to those in the same strains grown in medium without purines. Thus it appears that metabolic control of these enzymes in mycobacteria is weak, and little or no repression of them was observed in M . avium and M . microti derived from the host. The failure to detect phosphoribosylglycinamide synthase in M . leprae may be significant, indicating its inability to synthesize purines de novo. However, many enzymes can be detected in M . leprae at low activities (1 to 10%) relative to their activities in other mycobacteria (Wheeler, 1984) and if the specific activity of phosphoribosylglycinamide synthase in extracts of M . leprae was < l o % of the specific activity of the same enzyme in extracts of M . avium grown in host tissue, it would not be detectable in this study (see Table 1 ). Detailed studies on enzymes of purine biosynthesis in mycobacteria will probably have to await production of sufficient enzyme using mycobacterial DNA expressed in a host bacterium (Clark-Curtiss et al., 1985) . This appears to be a realistic prospect: mycobacterial genes have been expressed using their own promoters in a streptomycete in which genes for whole enzymes and even pathways have been expressed (Kieser et al., 1986) . Table 1 . Enzymes of purine biosynthesis Activities were determined in extracts from two or three different suspensions of bacteria. Each value represents three to five determinations f SEM. Some extracts were desalted using ultrafiltration cones (cutoff M , = 25000) but no differences in activities were observed between desalted and not-desalted extracts. Activities were determined in extracts some of which were desalted in ultrafiltration cones (cutoff M , = 25000). Each value represents four to nine separate determinations, using two or three different extracts, except for M. leprae where at least three different extracts were used and ten to eighteen determinations were done. The error term is the SEM.
Enzyme specific activity [pU (mg protein)-'] r 1 when expression of such activity might be expected. Thus the scavenging pathway adenine -+ adenosine -+ AMP does not appear to exist in the mycobacteria studied. Guanosine kinase was not detected in extracts of M . microti but a trace of activity [calculated to be 0.8 pU (mg protein)-'] was present in extracts of M . leprae (Khanolkar & Wheeler, 1983) . In M . avium grown in Dubos medium either with or without hypoxanthine added, this enzyme could be detected at the very low specific activity of 1.4 to 4 pU (mg protein)-' in crude extracts. In extracts of M . avium grown in mice, only 0.6 to 0.9 pU guanosine kinase (mg protein)-' could be detected.
Evidence that the enzymes in host-grown mycobacteria were derived from the bacteria themselves, and not from host-derived contaminating activities, was that they could be detected at similar activities in extracts of NaOH-treated mycobacteria [ NaOH treatment abolishes activity of enzymes adsorbed from host tissue to mycobacteria (see Wheeler, 1984) l. Further evidence for the authentic bacterial nature of hypoxanthine and guanine phosphoribosyltransferases in M . leprae was provided by FPLC. When extracts were applied to a DEAE ion exchange column and eluted at pH 7.8 (see Methods), 0.1 1 M-KCl was required to elute the two phosphoribosyltransferases (together) from armadillo liver while the two phosphoribosyltransferase activities in extracts of M . leprae were eluted without KCl.
Activities of guanine phosphoribosyltransferase and adenosine kinase in M . microti were clearly regulated in response to changes in the growth environment (Table 2 ). Guanine phosphoribosyltransferase activity was 85 times higher in M . microti harvested from mice than in M . microti grown on Modified Dubos Medium. A similar, but smaller stimulation of guanine phosphoribosyltransferase activity was observed when purines were added to Dubos medium (Table 2 ). In contrast, adenosine kinase activity was greatly stimulated by addition of purines to growth medium in vitro, but was slightly lower in M . microti grown in mice than in M . microti grown in Dubos medium without added purines. A similar pattern of stimulation, but with very much smaller changes in enzyme activity, was observed in M . avium ( Table 2) . Slightly increased hypoxanthine phosphoribosyltransferase activity could also be observed in mycobacteria grown in vivo, compared with the same strains grown in vitro. The differential changes in activity of guanine and hypoxanthine phosphoribosyltransferases in M . microti strongly suggest that separate enzymes are involved in converting guanine and hypoxanthine to nucleoside monophosphates, in contrast to the single mammalian phosphoribosyltransferase which acts on both hypoxanthine and guanine (Olsen & Milman, 1974) . The activity of adenine phosphoribosyltransferase appeared to be influenced by growth in the host or by addition of purines differently in M . avium and M . microti, and very little activity at all was detected in extracts of M . leprae (Table 2) . Nevertheless, as adenine is not converted to adenosine by the pathogenic mycobacteria studied here, adenine phosphoribosyltransferase must be the key enzyme for scavenging adenine.
One property of phosphoribosyltransferases -the effect of product on their activitysuggested that phosphoribosyltransferases of M . microti were similar to those of M . leprae while those of M . avium were distinct. The nucleoside monophosphates AMP, GMP and IMP at 100 p~ inhibited the corresponding adenine, guanine and hypoxanthine phosphoribosyltransferase activities of M . avium by 30%, 95% and 95% respectively, while nucleoside monophosphates (also at 100 p~) had no effect on corresponding phosphoribosyltransferase activities in extracts of M . microti and M . leprae. Thus if a 'model' organism is needed for further study of purine scavenging in M . leprae, M . microti may be preferable to M . avium.
Role and regulation of purine metabolism in intracellular mycobacteria Generally, the results obtained in this study agree with those obtained using intact mycobacteria (accompanying paper : Wheeler, 1987). Purine biosynthesis de novo cannot be detected in M . leprae, although it can readily be shown in other mycobacteria, even when they are grown in a host animal. Indeed regulation of enzymes studied in the biosynthetic pathwayin both M . microti and M . avium -was very weak and it would have been expected that an indication of purine biosynthetic activity in M . leprae would have been seen if present. Thus, it appears that M . leprae is not capable of biosynthesizing purines de novo.
